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Abstract. We report OH reactivity observations by a chem-
ical ionization mass spectrometer–comparative reactivity
method (CIMS-CRM) instrument in a suburban forest of
the Seoul metropolitan area (SMA) during the Korea–United
States Air Quality Study (KORUS-AQ 2016) from mid-May
to mid-June of 2016. A comprehensive observational suite
was deployed to quantify reactive trace gases inside of the
forest canopy including a high-resolution proton transfer re-
action time-of-flight mass spectrometer (PTR-ToF-MS). An
average OH reactivity of 30.7± 5.1 s−1 was observed, while
the OH reactivity calculated from CO, NO+NO2 (NOx),
ozone (O3), sulfur dioxide (SO2), and 14 volatile organic
compounds (VOCs) was 11.8± 1.0 s−1. An analysis of 346
peaks from the PTR-ToF-MS accounted for an additional
6.0± 2.2 s−1 of the total measured OH reactivity, leaving
42.0 % missing OH reactivity. A series of analyses indicate
that the missing OH reactivity most likely comes from VOC

oxidation products of both biogenic and anthropogenic ori-
gin.

1 Introduction

Total OH reactivity (s−1), the inverse of OH lifetime, is a
measure of the total amount of reactive trace gases in the at-
mosphere on the scale of reactivity, which allow us to quanti-
tatively evaluate our ability to constrain trace gases by com-
paring measurements of total OH reactivity with the OH re-
activity calculated from a speciated reactive-gas measure-
ment dataset. The fraction of observed OH reactivity that
cannot be reconciled by calculated OH reactivity is known
as “missing OH reactivity” (Di Carlo et al., 2004; Goldstein
and Galbally, 2007; Yang et al., 2016). A substantial amount
of missing OH reactivity has consistently been reported in
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forest environments (30 %–80 %). Di Carlo et al. (2004)
conducted a study in a mixed forest near Pellston, Michi-
gan, where they reported missing OH reactivity (∼ 30 %)
larger than observational uncertainty. The authors concluded
that the missing sources of reactivity were primary biogenic
volatile organic compound (biogenic VOC, BVOC) emis-
sions, as the degree of missing OH reactivity followed the
temperature dependence of terpenoid emissions. In a boreal
forest in Hyytiälä, Finland, Sinha et al. (2010) report a sim-
ilar result with observed trace gases that account for only
50 % of the measured OH reactivity. They argued that oxi-
dation products of BVOCs alone could not account for the
missing OH reactivity. Thus, they also concluded that pri-
mary emissions were more likely to be the source of miss-
ing OH reactivity, and they further suggest that this could
be the result of the contribution of small amounts of many
reactive gases. Follow-up studies (Nölscher et al., 2012; Pra-
plan et al., 2019) at the same site have presented a consistent
conclusion. Nölscher et al. (2012) observed the highest level
of missing OH reactivity during a heat wave episode, possi-
bly inducing a stress emission response from the local for-
est. A comprehensive analysis by Praplan et al. (2019) using
a long-term observation dataset and a photochemical model
framework with the Master Chemical Mechanism illustrates
that the model-simulated oxidation compound contribution
can only contribute 7 % of missing OH reactivity.

On the other hand, some studies have attributed the sources
of the missing OH reactivity to unmeasured oxidation prod-
ucts of well-characterized BVOCs. Edwards et al. (2013)
measured OH reactivity in a pristine tropical forest in the
Sabah region of Borneo during the “Oxidant and parti-
cle photochemical processes” (OP3) field campaign (Hewitt
et al., 2010). This study implemented the Master Chemical
Mechanism (MCMv3.2) (Saunders et al., 2003; Jenkin et al.,
1997) into a box model framework to quantify potential con-
tributions from unmeasured oxidation products. The model
was constrained with VOCs such as isoprene, monoterpenes,
and alkanes and alkenes and other observed trace gases such
as NO+NO2 (NOx) and ozone (O3). The authors reported
that the model-simulated oxygenated VOCs (OVOCs) could
contribute 47.1 % of the calculated OH reactivity – surpass-
ing the contribution from isoprene, the primary emission of
this ecosystem. It is notable that 30 % of observed OH reac-
tivity could not be accounted for by the box model simula-
tions. After examining the comprehensive observational suite
of VOCs, the authors determined that the most significant
missing sources of OH reactivity were likely secondary mul-
tifunctional carbon compounds rather than primary BVOC
emissions. Hansen et al. (2014) suggested that their observed
missing OH reactivity was likely from unmeasured oxida-
tion products during the Community Atmosphere–Biosphere
INteractions EXperiments (CABINEX 2009) in Michigan.
This notion was also consistent with findings reported by
Kim et al. (2011), who measured OH reactivity of branch
enclosures from four representative tree species in the for-

est canopy during the CABINEX study. They reconciled
most of the measured OH reactivity of four representative
tree species with well-known BVOCs, such as isoprene and
monoterpenes. Finally, Nakashima et al. (2014) reported that
29.5 % OH reactivity could not be reconciled by the spe-
ciated trace gas dataset during the Bio-hydro-atmosphere
interactions of Energy, Aerosols, Carbon, H2O, Organics
and Nitrogen-Southern Rocky Mountain 2008 (BEACHON-
SMR08) field campaign (Ortega et al., 2014). The campaign
took place at the Manitou Experimental Forest (MEF) in Col-
orado, a ponderosa pine plantation dominated by primary
BVOC emissions of 2-methyl-3-butene-2-ol (232-MBO) and
monoterpenes (Ortega et al., 2014). The authors also reported
that the missing OH reactivity was likely from BVOC oxi-
dation products. In the same context, Kim et al. (2010) con-
ducted proton transfer reaction mass spectrometer (PTR-MS)
mass spectrum analysis for both ambient air and branch en-
closures at the MEF site. They reported more conspicuous
unidentified signals on PTR-MS mass spectra in the ambient
samples than on those from branch enclosure samples at this
site.

During the Southern Oxidant and Aerosol Study (SOAS)
in 2013, Kaiser et al. (2016) used a comprehensive suite of
VOC measurements at an isoprene-dominant forest site in the
southeastern USA to examine the role of the OVOC species
in missing reactive carbon. The authors used MCMv3.2 em-
bedded in the University of Washington Chemical Model
(UWCM) to compare OH reactivity from model-generated
OVOCs to OH reactivity from measurements of OVOCs.
There was no significant discrepancy between the aver-
age measured and calculated OH reactivity including ob-
served trace gases and model-calculated oxidation products
of VOCs. However, it was noted that a small portion (1 s−1)
of observed OH reactivity could not be reconciled by the
model calculation. As this fraction was not correlated to iso-
prene oxidation products, it was suggested that the miss-
ing OH reactivity may be due to unmeasured primary emis-
sions. One caveat of this analysis pointed out by the authors
was that the concentrations of the modeled first-generation
isoprene oxidation products (e.g., MVK, MACR, isoprene
hydroxy hydroperoxides – ISOPOOH, isoprene nitrates –
ISOPN, and hydroperoxy aldehydes – HPALD) were signif-
icantly overpredicted in the afternoon. Consequently, the un-
certainty in the model calculation is likely to be much higher
for the multi-generation oxidation products and their contri-
butions to the OH reactivity contributions. This result high-
lights the uncertainty in relying solely on box model results
to assess OH reactivity. This status quo urges us to take a
convergent approach by effectively integrating observational
results from novel instrumentation and model outcomes.

This study examines the OH reactivity observations at
the Taehwa Research Forest (TRF) supersite from 15 May
to 7 June 2016 during the Korea–United States Air
Quality Study 2016 (KORUS-AQ 2016) campaign. TRF
(37◦18′19.08′′ N, 127◦19′7.12′′ E; 162 m altitude) is oper-
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ated by Seoul National University and located in Gwangju
in Gyeonggi Province in South Korea (Kim et al., 2013b).
The site is about 35 km southeast from the center of Seoul
and borders the greater Seoul metropolitan area (SMA) with
its population of 25.6 million. This geographical proximity
to the SMA results in a significant level of anthropogenic
influence, particularly in terms of elevated NOx (Kim et al.,
2016). Additionally, occasional pollution transport events oc-
cur at regional scales. Previous studies at the site have con-
sistently highlighted the importance of BVOC photochem-
istry at TRF (Kim et al., 2013a, 2015, 2016). Isoprene and
monoterpenes are the dominant OH sinks at the site among
observed VOCs. The elevated NOx accelerates the photo-
chemical processing of VOCs (Kim et al., 2015). Thus,
this site is an ideal natural laboratory to study contributions
towards total OH reactivity from primary trace gas emis-
sions from both natural and anthropogenic processes and
their oxidation products. This motivated us to deploy a high-
resolution proton transfer reaction time-of-flight mass spec-
trometer (PTR-ToF-MS) to quantify trace amounts of VOCs
with unknown molecular structures by taking advantage of
the universal sensitivity of hydronium ion chemistry towards
reactive VOCs (Graus et al., 2010; Jordan et al., 2009).
Therefore, we intend to observationally constrain the contri-
butions of conventionally unidentified or unmeasured VOCs
towards OH reactivity.

2 Methods

2.1 Field site

The Taehwa Research Forest is a Korean pine (Pinus ko-
raiensis) plantation (300m× 300 m) surrounded by a de-
ciduous forest dominated by oak trees (Kim et al., 2013b).
A flux tower (40 m height) at the center of TRF has air-
sampling inlets at multiple heights (4, 8 12, and 16 m) be-
low the canopy top (20 m). Each inlet consists of Teflon tub-
ing (3/8′′ o.d.) with ∼ 1 s of residence time. The trace gas
dataset including VOCs presented is the average of concen-
trations measured at the inlets inside of the canopy as pre-
vious studies illustrate that there is no substantial vertical
VOC gradients inside of the canopy (within 3 %; Kim et al.,
2013b). An air-conditioned instrument shack located at the
base of the flux tower housed the PTR-ToF-MS for VOC
measurements; a mini tunable infrared laser direct absorp-
tion spectroscopy (mini-TILDAS) instrument for HCHO,
methane, and methanol measurements; and analyzers for car-
bon monoxide (CO), sulfur dioxide (SO2), ozone (O3), and
meteorological measurements. The OH reactivity and NOx
analyzers were located in another nearby air-conditioned
shack (3 m apart) and sampled air through an extended Teflon
inlet line of 4 m (1/4′′ o.d.) from the ground with a flow
rate of 4 slpm resulting in a 0.5 s residence time. The height
of the ambient air intake was 3.5 m. The analytical charac-

teristics of the instrumentation suite are summarized in Ta-
ble 1. A ceilometer backscattering characterized boundary
layer vertical structure at the site. The ceilometer analysis
described by Sullivan et al. (2019) reveals the diurnal bound-
ary layer height evolution, indicating a maximum in the af-
ternoon around 1–3 km and a minimum in the early morning
below 500 m.

2.2 OH reactivity measurements

A chemical ionization mass spectrometer–comparative reac-
tivity method (CIMS-CRM) instrument was used to mea-
sure OH reactivity. The University of California, Irvine
(UCI) CIMS-CRM system includes a chemical ionization
mass spectrometer with a hydronium reagent ion. The CRM
measures total OH reactivity by quantifying the relative
loss of pyrrole, a highly reactive gas (kOH+pyrrole = 1.07×
10−10 cm3 molecule−1 s−1 at 298 K; Dillon et al., 2012) that
is rarely found in the atmosphere (Sinha et al., 2008). Ni-
trogen gas flows through a bubbler full of ultrapure-liquid
chromatography mass spectrometer (LC-MS)-grade water to
produce water vapor. The water vapor then flows into a glass
reactor where it is photolyzed into OH radicals by a mercury
lamp (Pen-Ray® Light Source P/N 90-0012-01). The mea-
surement uncertainty is 16.7 % (1σ ) with a limit of detection
of 4.5 s−1 over 2 min (3σ ).

The UCI CIMS-CRM instrument has been deployed on
multiple occasions, including in the Megacity Air Pollution
Study (MAPS)-Seoul 2015 campaign that incorporated pre-
vious measurements at the TRF ground site during Septem-
ber 2015 (Sanchez et al., 2018; Kim et al., 2016). During the
SOAS 2013 campaign, an ambient OH reactivity intercom-
parison study was conducted with a laser-induced fluores-
cence (LIF) system (Sanchez et al., 2018). The instrument in-
tercomparison showed that the OH reactivity measurements
from the CRM and LIF instruments generally agreed within
the analytical uncertainty. An average of a 16 % difference
between the techniques was noted in the late afternoons when
the CRM measurements were lower than those from LIF. As
discussed in Sanchez et al. (2018), this is likely caused by
the difference in sampling strategies, as the CRM measure-
ments relied on a lengthy Teflon inlet (15 m), while the LIF
directly sampled air at the top of a walk-up tower. As men-
tioned above, at TRF we used a shorter inlet line to minimize
residence time and avoid inlet line loss.

An extensive intercomparison study was conducted by
Fuchs et al. (2017) with various OH reactivity measurement
techniques that highlighted potential analytical artifacts in
the CRM technique. These artifacts have all been exam-
ined, and preventive measures have been implemented in the
UCI CIMS-CRM system deployed at TRF. This included a
laboratory-built catalytic converter (Pt wool at 350 ◦C) that
minimized the interferences due to changes in air to pre-
vent the interference from the difference in humidity for the
zero-air characterizations. Hansen et al. (2015) illustrated
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that NOx may be generated from the catalytic converter. To
prevent potential NOx interferences, they used a scrubber
with Purafil and activated charcoal, which modulates the hu-
midity in the sample. Our approach to this type of interfer-
ence has been to determine the maximum NO level, notice-
ably interfering with the calibration regression line shown
in Sanchez et al. (2018). Laboratory tests indicate that the
statistical agreement started to veer off when the NO level
was 5 ppb at 1σ of the linear regression between instrument
response (unitless) and OH reactivity (s−1) as the slope for
the calibration curve had changed from 0.238 to 0.246. In
addition, Kim et al. (2016) achieved an OH reactivity bud-
get closure in high-NO2 conditions, which implies no signif-
icant interferences from NO2. However, in response to the
Fuchs et al. (2017) observation that various CRM configu-
rations suffer from different levels of NOx interferences, we
plan to conduct more systematic NOx interference tests to
more accurately characterize this system. In conclusion, one
should note that our reported OH reactivity could potentially
underestimate actual ambient OH reactivity as much as the
contributions from those from ambient NO2.

We consistently kept the pyrrole-to-OH ratio at 3 : 1 and
so did not achieve a pseudo first-order relationship. Even in
the field environment with various relative humidity, we have
not observed noticeable changes in this ratio as we flow bulk
humidified nitrogen (150 sccm min−1) to the reactor with a
total flow of 240 sccm min−1, which results in dampening
the temporal ambient relative humidity variations. There-
fore, we performed multi-point calibrations (5 to 30 s−1) with
a propene mixture using a National Institute of Standards
and Technology traceable gas standard (Air Liquide LLC,
0.847 ppm) during the field campaign to avoid any circum-
stances where the pseudo first-order reaction regime is not
established. Detailed calibration procedures for the OH reac-
tivity system including laboratory multi-component calibra-
tion results can be found in Sanchez et al. (2018).

In addition, Fuchs et al. (2017) also described a potential
interference from ambient O3 in some CRM systems. In the
2015 field campaigns conducted in Seoul, South Korea (Kim
et al., 2016), we conducted a standard addition experiment
for the propene standard for an additional ∼ 30 s−1 in two
different ozone environments of 65 and 123 ppb. The out-
come illustrates an agreement between two additions within
the analytical uncertainty although a systematic laboratory
study will warrant an accurate uncertainty assessment from
ozone. Again, as the CRM is a relatively new technique, one
should keep in mind that future studies may find potential
artifacts that we do not report in this study.

2.3 PTR-ToF-MS measurements

A high-resolution PTR-ToF-MS (Ionicon Analytik GmbH)
(de Gouw and Warneke, 2007; Jordan et al., 2009) was de-
ployed at the TRF site. The instrument was operated with
a drift tube temperature of 60 ◦C, 560 V drift voltage, and

2.27 mbar drift tube to maintain the field density ratio (E /N)
of 126 Td. Background checks were manually conducted
about three times a day for a 10 min duration by scrub-
bing the ambient air through a catalytic convertor (Pt wool
maintained at 350 ◦C). The detectable peaks from the am-
bient spectra were assessed by subtracting the background
spectrum. The instrument was calibrated with a gas mix-
ture manufactured by Apel Riemer Environmental Inc. The
mixture contains ∼ 1 ppmv of acetaldehyde, acetone, iso-
prene, methyl vinyl ketone, methacrolein, benzene, methyl
ethyl ketone, toluene, o-xylene, and α-pinene. This stan-
dard mixture was used only for the PTR-ToF-MS calibra-
tion and not for the CRM-CIMS calibration. The concentra-
tions of the compounds were assessed in the laboratory of
the Rowland–Blake Group at the University of California,
Irvine, and members of this lab also conducted the airborne
VOC analysis using whole-air samples during the KORUS-
AQ campaign on the NASA DC-8 (Colman et al., 2001).

A mass range of m/z 40 to m/z 267 was analyzed from
the recorded PTR-ToF-MS mass spectra. An automatic mass-
scale calibration was conducted every 5 min on the data av-
eraged over 30 s. The raw PTR-ToF-MS data were processed
using the PTRwid software described by Holzinger (2015).
We normalized the mass peaks by 106 reagent ion counts
(H3O+). As the majority of the VOC mass peaks could not
be directly calibrated, we determined the VOC sensitivities
using Eq. (1). This method has been employed by a number
of previous studies such as Cappellin et al. (2012). The ben-
zene calibration factor was used to calculate mixing ratios by
applying its proton transfer reaction rate coefficient (kbenzene,
cm3 s−1) and sensitivity (sbenzene, ncpsppb−1) for the avail-
able compounds. The application of this equation can be
justified since PTRwid provides the mass-discrimination-
corrected counts as a final computational product.

χVOC = cVOC×
kbenzene

kVOC
×

1
sbenzene

, (1)

where χVOC is the mixing ratio of an analyte, sbenzene is the
assessed sensitivity of benzene (11.94 ncpsppb−1), cVOC is
the mass-discrimination-corrected normalized count for an
analyte, and kbenzene is the proton transfer reaction rate con-
stant for benzene. kVOC is the proton transfer reaction rate
constant for an analyte.

For the mass peaks where specific proton transfer reaction
rates were unavailable, we estimated the mixing ratios by ap-
plying a proton transfer reaction rate coefficient (kH3O+ ) of
3.00× 10−9 cm3 s−1, the default value for PTRwid calcula-
tions. The spectra had a limit of detection of tens of parts per
trillion for a 30 s average. The calibrated compounds had a
range of detection limits as low as 3.7 ppt for α-pinene and
as high as 48 ppt for toluene.
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2.4 OH reactivity calculation

OH reactivity was calculated from the concentrations of all
the compounds observed by the instrumental suite described
in Table 1. The original data can be found in the KORUS-AQ
2016 data archive at https://www-air.larc.nasa.gov/missions/
korus-aq/ (last access: 29 March 2021). A total of 360 mass
peaks measured by the PTR-ToF-MS were analyzed above
the background (3σ or above) to assess their contribution to
the calculated OH reactivity. Fourteen of the mass peaks were
identified as VOCs commonly reported for PTR-MS mea-
surements (Table 1), leaving 346 unidentified peaks. These
remaining mass peaks were grouped into three categories in
order to estimate their possible OH reactivity contribution.

Category I (81 peaks) included mass peaks for which the
PTRwid software calculated a molecular formula. OH reac-
tion rate coefficients for the individual peaks were obtained
from the NIST WebBook library. As the only information
we have is the molecular composition, we identified multiple
isomers with different functional groups and thus different
reactivity. We have extensively reviewed previous publica-
tions (Williams et al., 2001; De Gouw et al., 2003; de Gouw
and Warneke, 2007; Jordan et al., 2009; Ruuskanen et al.,
2011; Müller et al., 2012; Koss et al., 2017) identifying ambi-
ent VOCs using PTR-MS with both quadrupole and time-of-
flight systems to identify possible compounds. For example,
for the m/z of 75.043, there are four possible compounds
including hydroxy acetone, propionic acid, methyl acetate,
and ethyl formate. We used the median reaction constant for
the set of possible compounds. The detailed description of
the OH reaction constant determination process for the Cat-
egory I peaks is described in Sanchez (2019). If the infor-
mation was unavailable from the NIST WebBook database,
a structure–reactivity relationship described by Kwok and
Atkinson (1995) was applied to obtain reaction rate coeffi-
cients. This is an empirical calculation system to estimate
kOH based upon the number of carbons and the functional
groups of given VOCs. The framework is able to calculate
kOH within a factor of 2 according to a thorough assessment
presented in Kwok and Atkinson (1995). However, the au-
thors discourage the application of the framework to com-
pounds that were not examined in the study such as halo-
genated compounds. Although halogenated compounds are
not included in this study, one should be aware of a poten-
tially significant uncertainty.

Category II (28 peaks) included mass peaks for which
the PTRwid software could not assess an exact molecu-
lar composition due to uncertainty in the data processing
system. Nonetheless, this group of compounds illustrated
a positive correlation (R2 is 0.19 to 0.88) with either an-
thropogenic (benzene, toluene) or biogenic (MVK+MACR
and monoterpenes) VOCs. Category II compounds are fur-
ther grouped into subcategories corresponding to these two
main VOC sources. OH reaction rate constants (kOH) were
estimated with equations based on the relationship between

the m/z and the kOH of compounds in Table 1 (Fig. S1 in
the Supplement). More specifically, we assume that kOH is
linearly correlated with m/z. To apply this linear relation-
ship, the compounds with known kOH were grouped into five
m/z bins and the average kOH of each bin was calculated.
The green triangles represent five m/z-binned averages from
these compounds plotted with their respective average kOH.
This approach can be justified by the fact that the reaction
constants of VOCs towards OH tend to increase as a func-
tion of molecular mass within functional groups (Kwok and
Atkinson, 1995; Atkinson, 1987). The y intercepts of the lin-
ear regressions were assessed using the kOH values of the
biogenic or anthropogenic compounds and their masses.

Category III (237 peaks) included mass peaks with very
low mixing ratios (average is 4.8±19.5 ppt) that were above
the limit of detection. We applied a kOH value corresponding
to the dark green best-fit line in Fig. S1 to these peaks. The
y intercept of the dark green line was based on that of ac-
etaldehyde, as it was the lowest mass compound used for the
OH reactivity calculations in this study.

There are two components that need to be considered for
the assessment of uncertainty associated with calculated OH
reactivity: the concentration and the reaction constants with
OH. The uncertainty in the observed trace gases is in the
range of 5 % to 20 % as shown in Table 1 and is associated
with the rate constants from laboratory experiments (Atkin-
son et al., 2006). Combining 15 % uncertainty from reaction
constants and 13.5 % from trace gas observations results in
20 % of uncertainty in calculated OH reactivity. This should
be considered a conservative estimate as most VOC concen-
trations and associated rate constants are empirically esti-
mated.

3 Results and discussion

An average OH reactivity of 30.7± 5.1 s−1 was observed
from 15 May–7 June 2016 (Fig. 1). This was within the range
of OH reactivity observed in urban regions (10–33 s−1) (Ko-
vacs et al., 2003; Ren et al., 2003; Sinha et al., 2008; Dol-
gorouky et al., 2012; Whalley et al., 2016; Kim et al., 2016;
Yang et al., 2017) and in the range of previously reported
observations and model calculations at the TRF site (∼ 15–
35 s−1) (Kim et al., 2015, 2016). The total calculated OH
reactivity of 11.8± 1.0 s−1 from the measured compounds
in Table 1 resulted in 63.3 % missing OH reactivity. Again,
the potential underestimation in ambient OH reactivity as
much as the contributions from ambient NO2, presented in
the Methods section, should be well noted. However, an ad-
ditional OH reactivity of 6.0±2.2 s−1 was further calculated
from the reactivity of the VOCs in categories I–III. The con-
tribution lowered the missing OH reactivity level to 42 % of
the measured OH reactivity. Kim et al. (2016) had previously
measured an average OH reactivity of 16.5 s−1 at TRF dur-
ing the MAPS-Seoul campaign from 1–15 September 2015,
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Table 1. Description of instrument and measured parameters.

Instrument Parameters Measurement uncertainty
(1σ ) and lower level of
detection limit

Chemical ionization mass spectrometer–comparative
reactivity method (CIMS-CRM)

OH reactivity 16.7 % (5 s−1)

Thermo Scientific 42i NO 20 % (100 ppt)

Cavity ring-down spectroscope NO2 20 % (50 ppt)

Thermo Scientific 49i O3 4 % (1 ppb)

Lufft 501 C Temperature ±0.3 ◦C (n/a∗)

Thermo Scientific 48i-TLE CO 10 % (50 ppb)

Thermo Scientific 43i-TLE SO2 10 % (100 ppt)

Mini tunable infrared laser direct absorption
spectroscopy (mini-TILDAS) formaldehyde monitor
(Herndon et al., 2005) (Aerodyne Research, Inc.)

HCHO, CH4, CH3OH 5 % (a few tens of parts per
trillion)

Proton transfer reaction time-of-flight mass
spectrometer (PTR-ToF-MS 8000, Ionicon
Analytik GmbH)

Acetaldehyde, ethanol, acetone, isoprene,
MVK+MACR, methyl ethyl ketone,
benzene, monoterpenes, toluene,
furfural, benzaldehyde, xylenes,
trimethylbenzenes, sesquiterpenes

Isoprene 9.8 %
Benzene 6.9 %
Toluene 6.5 %
Monoterpenes 9.2 %
Xylenes 4.0 %
Other 16.5 % (tens of parts
per trillion)

∗ n/a stands for not applicable.

a substantially lower level than what we report during this
springtime study. Although small alkanes and alkenes such
as ethane, ethene, propane, and propene were not observed
on the site, we utilized the dataset from the NASA DC-8 that
flew at 700 m above the site, which indicates that their con-
tribution was consistently small (∼ 0.7 s−1 on average). In
this suburban forest, we do not think there are any substan-
tial emission sources of these relatively long-lived VOCs.

The difference can be attributed to the notably higher re-
active trace gas loadings during KORUS-AQ compared to
the TRF measurements during MAPS-Seoul. The NOx , ben-
zene, and toluene concentrations were 3 times higher dur-
ing KORUS-AQ, and CO was 1.4 times higher (Fig. S2).
Although the average isoprene concentrations were similar
between the two campaigns, MVK and MACR concentra-
tions during KORUS-AQ were ∼ 3 times higher, illustrating
a more highly oxidative environment. There was a persis-
tently high MVK+MACR-to-isoprene ratio of 1.8 during
the KORUS-AQ campaign at TRF. This ratio was similar to
the value reported during the summer in a moderately pol-
luted forest in the Pearl River Delta that was attributed to a
strong atmospheric oxidation capacity (Gong et al., 2018).
The missing OH reactivity during KORUS-AQ was gener-
ally much higher than levels reported during urban obser-
vations (up to 50 % missing OH reactivity) (Kovacs et al.,

2003; Ren et al., 2003; Sinha et al., 2008; Dolgorouky et al.,
2012; Whalley et al., 2016; Kim et al., 2016; Yang et al.,
2017) and within the range of previously reported values in
forest regions where as much as 80 % missing OH reactiv-
ity has been reported (Kim et al., 2016; Di Carlo et al., 2004;
Nölscher et al., 2012, 2016; Edwards et al., 2013; Ramasamy
et al., 2018; Nakashima et al., 2014).

Figure 2 shows the diurnal average of measured, calcu-
lated, and missing OH reactivity from 15 May–7 June 2016.
Isoprene was the largest contributor to VOC OH reactivity
in the afternoon and the early evening (36 % of the calcu-
lated OH reactivity in the evening), consistent with the pre-
vious studies conducted at this site (Kim et al., 2013b, 2015,
2016). Among all the trace gases, the largest average con-
tributor to the calculated OH reactivity was NOx , which con-
tributed 18.2 % (5.6 s−1) to the measured OH reactivity. The
NOx contribution to OH reactivity is higher during the morn-
ing and evening rush hour and at a minimum in the afternoon,
which has been reported consistently in previous reports con-
ducted near megacities (Kovacs et al., 2003; Mao et al., 2010;
Dolgorouky et al., 2012; Ren et al., 2003; Shirley et al.,
2006). Enhanced OH reactivity during the morning or night
and minimum OH reactivity during the afternoon has been
reported in urban areas (Kovacs et al., 2003; Ren et al., 2006;
Shirley et al., 2006; Dolgorouky et al., 2012; Mao et al.,

Atmos. Chem. Phys., 21, 6331–6345, 2021 https://doi.org/10.5194/acp-21-6331-2021



D. Sanchez et al.: Contributions to OH reactivity from unexplored volatile organic compounds 6337

Figure 1. Observed and calculated OH reactivity during KORUS-AQ 2016. The measured and calculated OH reactivity are on the left axis,
while the missing OH reactivity is on the right axis. The yellow box represents the stagnation period, and the blue box represents the transport
period.

Figure 2. The diurnal average of OH reactivity from 15 May–7 June 2016. The measured and calculated OH reactivity are on the left axis.
The blue shading represents uncertainty in the measured OH reactivity. The black bars represent the propagated uncertainty in calculated OH
reactivity. The missing OH reactivity in the percentage scale can be read using the right axis.
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Figure 3. Diurnal averages of OH reactivity during (a) the stagnation period from 17–22 May 2016 and (b) the transport period from
28 May–1 June 2016. The measured and calculated OH reactivity are on the left. The blue shading represents an uncertainty of 16.7 % at
1σ . The black bars represent the propagated uncertainty of 20.1 % at 1σ from calculated missing OH reactivity. The percent of missing OH
reactivity is on the right axis.

2010; Whalley et al., 2016). On the other hand, strong light-
sensitive biogenic emissions (e.g., isoprene) result in a max-
imum observed OH reactivity in the afternoon in forested re-
gions (Ren et al., 2006; Sinha et al., 2012; Edwards et al.,
2013; Hansen et al., 2014; Zannoni et al., 2017; Nölscher
et al., 2016). One exception is an OH reactivity observation
conducted in Hyytiälä, a forested site that has low isoprene
levels, by Sinha et al. (2010). They attributed a flat diurnal
OH reactivity variation to the interplay between high day-
time emissions and a low nighttime boundary layer height.
In urban environments, it is mostly anthropogenic trace gases
such as aromatics and OVOCs that contribute to OH reactiv-
ity. These compounds have a longer lifetime compared to the
diurnal boundary layer evolution. This leads to the accumu-
lation of such compounds in the shallow boundary layer dur-
ing the night. On the other hand, strong emissions of reactive
BVOCs in deciduous forest regions enhance OH reactivity
during the daytime but then quickly react away. Very subtle
diurnal differences observed in this study (Fig. 2), therefore,
can be understood as the competitive influences of both an-
thropogenic and biogenic compounds on the OH reactivity.

As described in detail in Sullivan et al. (2019) and Jeong
et al. (2019), a strong regional stagnation episode occurred
during the KORUS-AQ campaign between 17–23 May.
Later, the Korean Peninsula was affected by a period of con-
tinental pollution outflow between 28 May and 1 June. The
diurnal averages of the two periods and their calculated OH
reactivity are presented in Fig. 3. It is notable that there is
very little difference in the observed OH reactivity between
the two distinct periods in terms of the amount of OH reac-
tivity and its diurnal pattern (Fig. 4). Furthermore, no signifi-
cant variance of the different classes of reactive gases such as
criteria air pollutants (CO, NOx , O3, and SO2), mostly con-
tributed by NOx , OVOCs (acetone, acetaldehyde, formalde-
hyde, methylglyoxal, methanol, methyl ethyl ketone), aro-
matics (benzene, toluene, xylenes, styrene, benzaldehyde,
trimethylbenzenes), and BVOCs (isoprene, monoterpenes,
sesquiterpenes, MVK+MACR), was observed during the
different periods (Fig. 5). These different classes of reactive

Figure 4. The observed OH reactivity during the overall campaign,
stagnation period, and transport period.

gases generally differed by less than 10 % from the overall
campaign during the two periods. This observation shows
that the presence of reactive gases is mostly controlled by
relatively short-lived compounds determined by local emis-
sions and their oxidation products.

The diurnal variation behavior of each chemical class re-
flects the chemical lifetime of the compounds (e.g., aromat-
ics vs. BVOCs). The calculated OH reactivity from OVOCs
does not show a strong diurnal variation. This reflects the
fact that OVOCs are mostly generated or emitted during the
daytime and their lifetime is generally longer than their pre-
cursors, which allows nocturnal accumulation due to the ab-
sence of OH. The differences in the diurnal variation in dif-
ferent classes of reactive gases can also be used to inter-
pret the origin of the compounds in categories I–III as pre-
sented in Fig. 6. The diurnal variations in Category I resem-
ble those of relatively long-lived chemical species with a dis-
tinct nocturnal accumulation pattern. This diurnal pattern has
been previously reported for both anthropogenic VOCs such
as toluene and benzene and temperature-dependent monoter-
penes such as α-pinene. It is notable that the diurnal pattern is
enhanced during the stagnation period during early morning
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hours. This enhancement is also seen in the aromatic trace
gases particularly during the stagnation period (Fig. 5b).

Indeed, there are both biogenic and anthropogenic contri-
butions towards the Category I compounds, which contribute
an average of 3.8 s−1 to the OH reactivity assessment, the
largest amount among the three categories (Fig. 6a). The
largest contributors to Category I, which appear to be from
a mixture of biogenic and anthropogenic sources, include
m/z 89.060, 101.06, and 101.096, and they contributed 0.3,
0.2, and 0.2 s−1, respectively. The m/z 89.060 had a molec-
ular formula of C4H8O2H+ and was correlated to the an-
thropogenic compounds such as benzene and toluene. The
m/z 101.06 peak had the molecular formula of C5H8O2H+

and had a diurnal variation similar to that of MVK+MACR.
This mass peak has been previously identified in laboratory
(Zhao et al., 2004) and field (Williams et al., 2001) studies
as the C5 hydroxy carbonyl, an isoprene oxidation product.
Results from an indoor chamber photooxidation experiment
conducted by Lee et al. (2006) showed thatm/z 101 is a com-
mon fragment of unidentified oxidation products of monoter-
penes, sesquiterpenes, and isoprene. Lee et al. (2006) also
reported that this mass peak also composed over 5 % of the
fragments of unidentified α-humulene and linalool oxidation
products. The molecular formula of this peak is C6H12OH+,
and it has been identified in previous studies as C6 carbonyls
(Koss et al., 2017) or hexanal (Brilli et al., 2014; Rinne et al.,
2005). Furthermore, m/z 99.044 and 113.023 were also
among the highest contributors to Category I and were cor-
related with MVK and MACR. The m/z 99 was previously
reported to be a fragment ion of unidentified terpene oxida-
tion products in a chamber experiment (Lee et al., 2006). The
m/z 113 was observed by a PTR-MS in a ponderosa pine
forest in central California by Holzinger et al. (2005). In this
case, it was formed within the canopy from the rapid oxida-
tion of terpinolene, myrcene, and α-terpinene. Furthermore,
m/z 113 was observed to come from the photooxidation and
ozonolysis of multiple terpenes in two indoor chamber stud-
ies by Lee et al. (2006). The m/z 113 composed over 5 % of
the oxidation product fragments of myrcene and verbenone.
Finally,m/z 83.085 had the molecular formula of C6H+11 and
was correlated to benzene. Multiple studies have identified
this peak as cyclohexane, methyl-cyclopentane, or methylcy-
clohexane, typically found in areas rich in oil and gas (Koss
et al., 2017; Gueneron et al., 2015; Yuan et al., 2014). In sum-
mary, both the gross diurnal pattern and the individual peak
analyses consistently illustrate that both anthropogenic and
biogenic compounds comprise Category I, the largest con-
tributor to the previously unexplored compounds in the PTR-
ToF-MS spectrum at this research site.

Category II contributed an average of 0.3 s−1 to the cal-
culated OH reactivity, the lowest amount for the three cat-
egories (Fig. 6b). The compounds in Category II appear to
correlate to either BVOCs or acetone, depending on the time
period. In Fig. 6b, the maximum during the transport period
is enhanced to about 0.2 s−1 higher than the overall cam-

paign and shifted about 3 h later to ∼ 16:00 Korean stan-
dard time. The OH reactivity calculated from Category II
is strongly correlated to MVK+MACR (R2

= 0.82) dur-
ing this period as well. On the other hand, during the stag-
nation period the average OH reactivity from Category II
correlates more strongly with acetone (R2

= 0.62) than with
MVK+MACR (R2

= 0.28). In fact, six of the highest con-
tributors to Category II (Fig. 6b) are more strongly correlated
to acetone (R2 > 0.40) during the stagnation period com-
pared to the transport period. The sources of acetone can be
either biogenic or anthropogenic. Biogenic sources include
direct emissions from plants or their oxidation products and
plant decay (Jacob et al., 2002; Seco et al., 2007). Anthro-
pogenic sources of acetone include vehicular emissions, sol-
vent use, and the oxidation of other anthropogenic VOCs
(Jacob et al., 2002). Therefore, this illustrates that the com-
pounds in Category II also have a complex source profile of
both biogenic and anthropogenic origin.

Category III contributed 1.9 s−1 to the calculated OH re-
activity (Fig. 6c). The 6 highest contributors out of 236
mass peaks contributed a total of 0.43 s−1 of the calcu-
lated OH reactivity. Overall, Category III compounds had
no strong correlations to isoprene, MVK+MACR, benzene,
or toluene during either the stagnation or the transport pe-
riods. However, Category III compounds were highly corre-
lated to methylglyoxal (R2 is 0.85, 0.82, and 0.78 for the
stagnation, transport, and overall period, respectively), one
of the measured OVOCs. A global modeling study illustrated
that methylglyoxal is mainly produced from isoprene oxida-
tion processes and the second most important source is ace-
tone oxidation (Fu et al., 2008). In addition, aromatics and
alkenes are also known to produce methylglyoxal through at-
mospheric oxidation processes (Henry et al., 2012). As TRF
is a high-aromatic and high-isoprene environment, the source
profile of methyl glyoxal in the region is likely complex,
which can be applied to interpret the source of the Cate-
gory III compounds.

Overall, the OH reactivity estimates from categories I–
III contributed an average of 6.0± 2.2 s−1 to the calculated
OH reactivity. In summary, there is consistency that both an-
thropogenic and the biogenic contributions need to be fur-
ther studied in the PTR-ToF-MS spectrum. Furthermore, by
adding this additional signal from categories I–III, VOC
contribution to calculated OH reactivity (11.0 s−1) becomes
larger than that (6.8 s−1) from criteria air pollutants (CO,
NOx , SO2, and O3). This should be considered when eval-
uating ozone production regimes (Kim et al., 2018).

Even with the inclusion of the additional peaks to the cal-
culated OH reactivity, we still find a missing OH reactiv-
ity of 42 %. Thus, it is important to investigate the origin
of this missing fraction. A correlation can be observed be-
tween missing OH reactivity as a percentage and OH reac-
tivity from NOx (R2

= 0.5; Fig. 7a) but not between OH re-
activity from NOx and absolute missing OH reactivity (s−1)
(R2
= 0.24; Fig. 7b). This leads us to speculate that there is
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Figure 5. Diurnal profiles for different classes of trace gases during the different periods. (a) Criteria pollutants NOx , O3, SO2, and CO;
(b) aromatics; (c) BVOCs; and (d) OVOCs.

Figure 6. Diurnal averages of the OH reactivity from the compounds in (a) Category I, (b) Category II, and (c) Category III.
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Figure 7. The correlation between NOx OH reactivity and (a) absolute missing OH reactivity and (b) percent of missing OH reactivity.

a consistent presence of unquantified trace gases, likely ox-
idation products of both anthropogenic and biogenic VOCs
as we explored the origin of the unexplored peaks causing
missing OH reactivity. In other words, NOx is relatively well
measured with a highly pronounced temporal variation that
determines the percentage of missing OH reactivity.

Finally, unaccounted for uncertainty associated with the
reaction rate constant estimations described in the method
section should also be further explored. For example, to
reconcile the averaged missing OH reactivity during the
day (10 s−1), it requires ∼ 60 ppm of methane but only
∼ 4 ppb of isoprene. This clearly demonstrates the impor-
tance of rate constant estimation. Indeed, if we apply the
reaction rate constant of isoprene with OH (kOH = 1×
10−10 cm3 molecule−1 s−1 at 298 K) to Category II and Cate-
gory III compounds, then the observed OH reactivity is fully
reconciled (Fig. S3). Proton ion chemistry may have an in-
trinsic limitation for quantifying highly oxidized OVOCs.
Moreover, due to the different inlet configurations for OH
reactivity and VOC observations, their contributions towards
observed and calculated OH reactivity may not have been
consistently evaluated (e.g., Sanchez et al., 2018). Therefore,
a comprehensive analysis along with a dataset from other in-
strumentation is necessary for reconciling missing OH reac-
tivity with observational constraints. Finally, it is highly plau-
sible that we may double-count for fragmented molecules in
the mass spectrum. Although it would not affect concentra-
tion evaluation as the intensity of ion signals from the frag-
mented molecules would be fully accounted for by adding
parent-ion and fragmented-ion signals, the OH reactivity cal-
culated from the fragmented ions is susceptible to underes-
timation from the assumption that kOH positively correlates
with molecular masses.

4 Summary

We present OH reactivity observations at a suburban forest
site during the KORUS-AQ field campaign. A comprehen-
sive trace gas dataset including 14 VOCs quantified by the
PTR-ToF-MS is used to calculate OH reactivity, which only
accounts for 36.7 % of the averaged observed OH reactivity.

This study presents a detailed methodology for retrieving
OH reactivity contributions from all of the peaks of the PTR-
ToF-MS mass spectrum. This decreases the amount of miss-
ing OH reactivity as the majority of them have not been ac-
counted for in calculated OH reactivity in previous studies.
First, we converted the raw signals to concentrations using
a constant proton transfer reaction rate (3× 10−9 cm3 s−1).
Then, we grouped the previously unaccounted for peaks into
three categories to estimate reaction constants for each com-
pound. The contributions of the unaccounted for peaks in
the mass spectrum account for a calculated OH reactivity of
∼ 6 s−1, which decreases missing OH reactivity from 63.3 %
to 42.0 %. It is noteworthy that the diurnal variations in ob-
served OH reactivity and calculated OH reactivity from the
various groups of trace gases do not have a high variabil-
ity during the field campaign even though there were several
synoptic meteorological configuration changes. This sug-
gests that the reactive trace gas loading is mostly determined
by local emission and oxidation processes not influenced by
the synoptic meteorological conditions.

In conclusion, this study highlights PTR-ToF-MS instru-
ments as tools for observationally constraining missing OH
reactivity. Further study is required particularly towards char-
acterizing proton reaction rate constants and reaction con-
stants with OH for the many unknown compounds detected
on a PTR-ToF-MS. In addition, other mass spectrometry
techniques, such as nitrate or iodine ion chemistry sys-
tems, should be utilized in future studies to complement the
PTR technique, which is sensitive to volatile to semi-volatile
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VOCs, to quantify lower-volatility compounds and compre-
hensively constrain OH reactivity contributions from VOCs.
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